This paper presents data from field studies and exposure experiments and the possible association of limno-and physicochemical parameters with outbreaks of proliferative kidney disease (PKD) in rainbow and brown trout. The investigations were carried out at Singold Brook in southern Germany. Exposure experiments and sampling of wild fish were performed in Singold at least twice a year in 1992, 1994, 1996 and 2000. Both wild fish collected from the specific sites and experimentally exposed rainbow trout were investigated histologically for the occurrence of PKD. At the time of sampling, various water parameters at the respective river sites were measured. The results indicate strongly the existence of a correlation between organic pollution of water, the presence of Bryozoa and the outbreak of PKD.
Introduction
Proliferative kidney disease (PKD) is recognized as a significant disease of farmed as well as wild rainbow trout, Oncorhynchus mykiss (Walbaum), and brown trout, Salmo trutta L., in many parts of Europe and North America. The disease is characterized by the enlargement of the kidney and spleen in response to stages of a myxozoan parasite, once called PKX but now known to be Tetracapsula bryosalmonae (Canning, Curry, Feist, Longshaw & Okamura 1999a, b) . Recent investigations have demonstrated that the infective stages of the parasite for salmonid fish originate from bryozoans, a group of colonial coelomate invertebrates common to fresh water and marine aquatic environments. The parasite develops in the coelomic cavity of at least five species of freshwater bryozoans (Okamura, Anderson, Longshaw, Feist & Canning 2001) . Proliferative and sporogonic stages of the parasite develop in thinwalled sac-like structures that float freely in the metacoel of the colony. The natural route of their release into the water column is unknown, but recent experiments demonstrate that rainbow trout exposed to intact or crushed bryozoans with T. bryosalmonae develop PKD . In the fish the parasite's extrasporogonic developmental stages cause the granulomatous cellular response that characterizes the microscopic lesions in the kidney, spleen and liver (Ellis, McVicar & Munro 1985) . During the peak of infection, fish with PKD experience a mortality rate of 10-90%, in part due to anaemia associated with the loss of haematopoietic tissues in the kidney and spleen, as well as environmental stressors (Hoffmann & Lommel 1984; Hedrick, MacConnel & de Kinkelin 1993) .
The role of water temperature in the onset of the disease has been investigated and suggested as a means of control (Ferguson & Ball 1979; Ferguson 1981) . Studies with controlled water temperatures showed that following both natural and experimental infections, PKD develops and is most severe at 15°C or above, can develop at temperatures as low as 12°C but will develop poorly or not at all at 9°C (Ferguson 1981; Clifton-Hadley, Bucke & Richards 1984) . However, natural outbreaks at temperatures of 10°C have been recently reported among yearling trout during winter in France (Gay, Okamura & de Kinkelin 2001) .
The severity of mortality among fish with PKD also depends on factors other than water temperature. The role of secondary pathogens has already been discussed, but handling, low dissolved oxygen, antibiotic therapy, and transfers to sea water have all been suggested as causative factors in inducing greater mortality among fish suffering from PKD (Bucke & Seagrave 1979; Bucke, McGregor, Hudson & Scott 1981) . Soft water was once thought to contribute to PKD outbreaks but the observation of the disease among fish held in water from a chalk stream demonstrated that PKD can occur even at relatively high water hardness (Scott 1979) .
Observations by Hoffmann & Dangschat (1981) suggested the existence of a relationship between organic pollution of the water and the outbreak of PKD. While studies by Schmidt, Bernet, Wahli, Meier & Burkhardt-Holm (1999) have shown that the prevalence and severity of PKD increased with decreasing water quality, a recent study by Berent, Schmidt, Bernet, Wahli & Burkhardt-Holm (2001) did not find any differences in the prevalence of the disease between fish held in well water and others in polluted water. This paper reports the findings from field studies and exposure experiments on the relationship between water quality and the occurrence of PKD in a brook and a trout farm known to be endemic for PKD.
Materials and methods

Singold Brook
The Singold is a small stream in southern Bavaria known to be endemic for PKD since 1980. The 51 km stream has an average depth of 30 cm and can be classified as a moderately polluted stream (German water quality class II). A trout hatchery located about 10 km downstream uses the stream water and was endemic for PKD from 1979 to 1998. A sewage treatment plant (STP) is located about 4 km upstream of the hatchery and releases treated water into the Singold. Since 1998 the STP outflow has been diverted away from the Singold. Exposure experiments (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) were conducted in a small cement channel where the stream water flows into the trout hatchery. One site between the hatchery and the STP (site A) and one site upstream of the STP (site B) were used for sampling by electro-fishing and for conducting water analysis (see Fig. 4 ).
Trout farm
The trout farm is located directly on the Singold and was built in 1979. PKD first occurred 1 year later. The farm is used only for ongrowing, no broodstock are maintained. Once a year in the last week of July 1992 July , 1994 July , 1996 July , 1998 and 2000, a sample of 20 rainbow trout were investigated as described below under Exposure Experiments for the presence of PKD. These were trout which had been transferred to the farm either in December of the previous year or in January of the same year.
Exposure experiments
The rainbow trout used for this study were specific pathogen free fish reared at the Institute of Zoology, Fish Biology and Fish Diseases in Munich.
In 1992, 1994, 1996, 1998 and 2000 , between June and September, four exposure experiments were conducted in the inflow to the trout hatchery, each using 20 rainbow trout hatched in the previous January. Fish were placed in a container (150 · 70 · 50 cm), which allowed the water to flow through 3 mm mesh on all four sidewalls. In all experimental groups, the duration of exposure of the fish to the stream water was 15 days in 1992 and 1994 and 10 days in 1996, 1998 and 2000. Subsequently, fish were transferred to the laboratory and held in aquaria with tap water flow at a temperature of between 13 and 14°C. Fish were examined daily for clinical signs of PKD such as exophthalmia and darkening of the epidermis. All experiments were terminated between 45 and 50 days post-exposure to the stream water. Trout were anaesthetized with chlorobutanol (1.1.1-trichloro-methylpropanol, 0.1 g L -1 of water), and then necropsied. Parts of the gills, brain, spinal cord and parenchymatous organs were fixed in 5% buffered formalin and embedded in Historesin. Sections were stained with haematoxylin and eosin and Giemsa's solutions. Specimens of fins, skin, cartilage and central nervous system were also fixed in 6.25% Sorensen-phosphate buffered glutaraldehyde (pH 7.4) for 3 h and post-fixed with 1% OsO 4 in the same buffer for 2 h. After dehydration, they were embedded in Epon-812. Semi-thin sections were stained with toluidine blue Journal of Fish Diseases 2002, 25, 459-467 and safranin, ultrathin sections were contrasted with uranyl acetate and lead citrate, and examined, respectively, by light and transmission electron microscopy (Zeiss EM 109).
Field study
In July and August of the same year in which the exposure experiments were carried out, fish samples were taken by electro-fishing from site A, 2 km upstream from the STP and site B, 10 km downstream from the STP (about 2 km upstream of the trout farm) (see Fig. 4 ). At the same time and from the same sites, water samples were taken and the following parameters were measured: pH;
The same water parameters were measured at the same time from three more sites upstream of the STP (sites 1-3) and one site upstream of the trout farm (site 6).
The prevalence of infection with PKD of trout on sites A and B was compared using the chi-square (v 2 ) test.
Results
Water analysis
The pH values at all sites was between seven and eight (Fig. 1a) . The biological oxygen demand (BOD 5 ) was below 1.5 mg L -1 at all sites (Fig. 1b) . Nitrate levels were between 5 and 6.5 mg L -1 (Fig. 1c) and the concentration of ammonia at all sampling sites was between 0.01 and 0.03 mg L -1 (Fig. 1d) . The total organic carbonate (TOC) was between 0.5 and 3 mg L -1 at all sites (Fig. 1e) .
Gross pathology of PKD infected fish
In both exposure experiments and field studies, infected rainbow and brown trout were recognized externally by their swollen abdomens, exophthalmia and pale gills. Internally, the spleen was enlarged, the kidney was very swollen, sometimes ribbed, and pale in colour with greyish patches and the liver was pale (Fig. 2a) .
Histopathology
The kidneys of all infected rainbow and brown trout showed the typical proliferation of the haemopoietic tissue (Fig. 2b) . Proliferative granulomata similar to those in the kidney were also observed in the spleen and liver. Ultrastructurally, the typical parasite cells were identified in the kidney, liver and spleen (Fig. 2c, d ) and sometimes in the blood sinus of the kidney (Fig. 2e) . Very often, the parasite stages were attached to or engulfed by fish macrophages in the interstitium of the kidney (Fig. 2f) . Parasite stages were also observed in the tubular epithelium of infected kidneys (Fig. 2g) .
Annual sampling in the trout farm
The prevalences of infection with PKD in rainbow trout sampled from the farm between 1992 and 2000 are summarised in Table 1 . The prevalence of infection in 1992, 1994 and 1996 was between 40% and 80%. The mortality caused by PKD in the farm in August and September of 1992 was about 40%. In 1998, after the outflow of the water from the STP was diverted away from Singold Brook, the prevalence of infection decreased to 15% and in 2000 to 5%. In 2000, no mortality caused by PKD was observed in the farm. Water temperature during the period of the study was between 13 and 14°C.
Exposure experiments
After transfer of the fish into the laboratory, they often suffered from light to moderate infection with Ichthyophthirius. Cases of high infection were treated with FMC (Malachite green, Methylen blue, Formaldhyde) at a concentration of 1 mL (100 L) -1 water for 24 h. The results of this study are summarized in Fig. 3 . The lowest water temperature in the hatchery during the 5 years of study between June and September was 10°C and the highest was 14°C. In 1992, 1994 and 1996 there was no significant difference in the prevalence of infection with PKD between the different groups and also with regard to the water temperatures. In June 1998 and at a water temperature of 12°C only one fish out of 16 was found to be infected with PKD. In August at a water temperature of 13°C, only two fish out of 16 were infected. In July and September of the same year, no infection with PKD was found in surviving fish. In 2000, the exposure studies were carried out only in July and September. In all investigated fish from both groups (30 fish), no indication of PKD was found. The average water temperature was 13°C in both months.
Field study
The fish species sampled by electro-fishing from sites A and B between 1992 and 2000 and the prevalence of PKD are summarised in Table 2 .
Six fish species [brown trout, Salmo trutta L., rainbow trout, Oncorhynchus mykiss (Walbaum), brook trout, Salvelinus fontinalis (Mitchill), bullhead, Cottus gobio L., grayling, Thymallus thymallus (L.), eel, Anguilla anguilla L.] were collected. Only brown trout and grayling were infected with PKD. In infected brown trout, only moderate ascites and anaemia were recognized. The prevalence of PKD in brown trout sampled from site A (11 infected out of 76), upstream of the STP is significantly less (P ¼ 0.0000008) than in those sampled from site B (26 infected out of 45) downstream of the STP (Fig. 4a-c) . In 1998 after the diversion of the water M El-Matbouli and R W Hoffmann PKD and water quality outflow from the STP, only one of 13 brown trout sampled from site A and one of six sampled from site B were found to be infected with PKD. In 2000, all sampled fish were free of PKD.
The water temperature in July and August during the investigation period was between 12 and 14°C.
Discussion
The appearance of the PKD organism in the exposed rainbow trout and in the sampled wild brown trout, as observed by light and electron microscopy in this study, resembled that described by Clifton-Hadley et al. (1984) , Kent & Hedrick (1986) and Feist & Bucke (1987) , including the presence of secondary and tertiary cells and haplosporosomes (Fig. 2c-g ).
The exposure experiments and field studies in a trout farm and a brook known to be endemic for PKD was aimed at investigating the influence of water quality on the outbreak of PKD.
The mean values of all measured water parameters of Singold Brook in 1992 Brook in , 1994 Brook in , 1996 Brook in , 1998 and 2000 above and downstream from the STP did not exceed the limits of the general parameters in the German effluent regulations (Bohl 1999) . The average pH values (about 8) at all sites indicated that the Singold Brook can be characterized as a carbonate brook system. Oxygen reduction in streams and rivers results from microbial decomposition of organic material either in the sediment or in the surface water (Montuelle, Volat, Torio Fernandez & Navarro 1996) . The biological oxygen demand necessary to decompose organic material within 5 days is characterised by the BOD 5 value (Grafiny, Goren & Gasith 2000) , which is directly correlated with concentrations of organic material. Therefore, the BOD 5 is used as an indicator of water quality in Germany. In all measured sites over the time period of this study, the BOD 5 was below 1.5 mg L -1 . Nitrate is the most important nitrogen compound in unpolluted surface water, in which concentrations between 4 and 5 mg L -1 can be found (Klee 1990) . Salmonid water should not contain more than 30 mg L -1 of nitrate, but polluted surface water can contain nitrate concentrations up 2002, 25, [459] [460] [461] [462] [463] [464] [465] [466] [467] to 200 mg L -1 . The nitrate concentration in all measured sites in the present study did not exceed 6.5 mg L -1 . The concentration of ammonia and the TOC were in the normal range for salmonid fish. The differences in the values of all measured water parameters before and after the diversion of the water outflow from the STP were not significant (see Fig. 3 ). However, the prevalence of infection with PKD in the trout farm as well as in the rainbow trout used in the exposure experiments and in the collected wild brown trout decreased in the same year (1998) as the outflow from the STP was M El-Matbouli and R W Hoffmann PKD and water quality diverted away from the Singold. In 2000, PKDinfected fish were not found in the exposure experiments or in the field study. These results indicate a correlation between the diversion of the STP outflow and the decrease and subsequent disappearance of PKD from the trout farm and also from the Singold Brook. Most probably, chemical or organic substance/s, not included in our measured parameters may have acted as a cofactor influencing the outbreak of PKD in the farm and in the Singold, either by making the fish host more susceptible to the infectious agent or by affecting bryozoan growth and/or parasite production. The diversion of the STP outflow might have led to changes in organic load affecting water microfauna; these changes cannot be detected by the standard water analyses used in the present study. Changes in water microfauna, an important source of nutrition for bryozoa (Raddum & Johnsen 1983) , may lead to a decline of bryozoan abundance or species composition, with a resulting decline in the amount of waterborne T. bryosalmonae. The recent findings that freshwater bryozoans are the natural hosts of T. bryosalmonae (Canning et al. 1999a,b; Okamura et al. 2001; Feist et al. 2001) indicate that seasonality of the disease in fish may due to the abundance of the bryozoan host and/or the suppression of the immune response of the fish host at lower water temperature (Ellis et al. 1985) . The results presented in this study strongly suggest that salmonid fish represent an atypical host for T. bryosalmonae and water temperature is not the only exogenous factor influencing the outbreak of PKD. Currently, work in progress has been investigating the effect of different biotic factors on bryozoans and the potential impact of elevated bryozoan abundance on the occurrence and outbreak of PKD.
